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Abstract 9 
There is a scientific consensus that the future climate change will affect grass and crop dry matter 10 
(DM) yields. Such yield changes may entail alterations to farm management practices to fulfill the 11 
feed requirements and reduce the farm greenhouse gas (GHG) emissions from dairy farms. While 12 
a large number of studies have focused on the impacts of projected climate change on a single farm 13 
output (e.g. GHG emissions or economic performance), several attempts have been made to 14 
combine bio-economic systems models with GHG accounting frameworks. In this study, we aimed 15 
to determine the physical impacts of future climate scenarios on grass and wheat DM yields, and 16 
demonstrate the effects such changes in future feed supply may have on farm GHG emissions and 17 
decision-making processes. For this purpose, we combined four models: BASGRA and CSM-18 
CERES-Wheat models for simulating forage grass DM and wheat DM grain yields respectively; 19 
HolosNor for estimating the farm GHG emissions; and JORDMOD for calculating the impacts of 20 
changes in the climate and management on land use and farm economics. Four locations, with 21 
varying climate and soil conditions were included in the study: south-east Norway, south-west 22 
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Norway, central Norway and northern Norway. Simulations were carried out for baseline 23 
(1961―1990) and future (2046―2065) climate conditions (projections based on two global climate 24 
models and the Special Report on Emissions Scenarios (SRES) A1B GHG emission scenario), and 25 
for production conditions with and without a milk quota. The GHG emissions intensities (kilogram 26 
carbon dioxide equivalent: kgCO2e emissions per kg fat and protein corrected milk: FPCM) varied 27 
between 0.8 kg and 1.23 kg CO2e (kg FPCM)-1, with the lowest and highest emissions found in 28 
central Norway and south-east Norway, respectively. Emission intensities were generally lower 29 
under future compared to baseline conditions due mainly to higher future milk yields and to some 30 
extent to higher crop yields. The median seasonal above-ground timothy grass yield varied 31 
between 11,000 kg and 16,000 kg DM ha-1 and was higher in all projected future climate conditions 32 
than in the baseline. The spring wheat grain DM yields simulated for the same weather conditions 33 
within each climate projection varied between 2200 kg and 6800 kg DM ha-1. Similarly, the farm 34 
profitability as expressed by total national land rents varied between 1900 million Norwegian 35 
krone (NOK) for median yields under baseline climate conditions up to 3900 million NOK for 36 
median yield under future projected climate conditions.    37 
Key words: climate change, dairy farming, dry matter yield, economics, greenhouse gas emission, 38 
modelling 39 
1. Introduction 40 
The projected change in climate during the 21st century is expected to affect grass and crop dry 41 
matter (DM) production, causing changes in forage and grain feed supply throughout the world 42 
(Morley, 1978; Olesen et al., 2011). Such changes may, in turn, alter the effects of agricultural 43 
production on the environment through emissions of greenhouse gases (GHG), necessitating 44 
changes in farm management practices and land use (Cederberg and Mattson, 2000). In Norway, 45 
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agriculture contributes 8.5% of the national GHG emissions (The Norwegian Environment 46 
Agency, 2014), of which livestock accounts for 90% (Grønlund and Harstad, 2014). The 47 
contribution from the livestock to climate change occurs mainly in the form of methane (CH4) and 48 
nitrous oxide (N2O) emissions (FAO, 2010). Greenhouse gas emissions on dairy farms can be 49 
reduced by adapting alternative feeding strategies. Such changes in management may result in 50 
varying levels of costs and benefits, which eventually determine if the activity is implemented on 51 
the farm (Özkan et al., 2016). 52 
The projected climate in Norway until the mid-21st century entails increased air temperature and 53 
an increased number of rainy days in all seasons across the whole country (Hansen-Bauer et al., 54 
2015). Climate change can impact livestock production through its effects on availability of 55 
resources such as water and feed as well as farm profitability and the need for new management 56 
practices and environmental policies (Krol et al., 2006). Therefore, it would be useful to evaluate 57 
bio-geophysical and economic aspects of GHG emissions from livestock sector under plausible 58 
climate conditions in an interdisciplinary study (Özkan et al., 2016). In this study, we aimed to 59 
determine the physical impacts of future climate scenarios on grass and wheat DM yields, and how 60 
such changes in future feed supply affect farm GHG emissions and decision-making processes. 61 
For this purpose, we combined four models: BASGRA (Höglind et al., 2016) and CSM-CERES-62 
Wheat (Ritchie et al., 1998) for simulating forage grass DM and wheat DM grain yields 63 
respectively; HolosNor (Bonesmo et al., 2013) for estimating the farm GHG emissions; and 64 
JORDMOD (Bullock et al., 2016) for calculating the impacts of change on land use and farm 65 
economics. These models have previously been used individually to address specific challenges 66 
within their system boundaries. For example, BASGRA was recently used to simulate the impacts 67 
of climate change on timothy grass productivity, harvest security and yields in northern Europe 68 
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and Norway (Persson and Höglind, 2014). Similarly, CSM-CERES was used to simulate the 69 
impacts of climate change on wheat yields in Norway (Persson and Kværnø 2016) and in other 70 
main wheat production locations under current climate conditions (e.g. Persson et al., 2010; Thorp 71 
et al., 2010; Xiong et al., 2008). HolosNor has been used to estimate the GHG emissions associated 72 
with current dairy production in Norway (Bonesmo et al., 2013), and to compare the impacts of 73 
the climate and feed base (Hutchings et al., unpublished results), and impaired animal health on 74 
GHG emissions (Özkan Gülzari et al., unpublished results). JORDMOD model was previously 75 
used by Brunstad et al. (2005a) to evaluate the relationship between public goods, and by Bullock 76 
et al. (2016) to determine the trade-offs between conflicting public goods. In this study, the grass 77 
and wheat grain DM yields simulated by BASGRA and CSM-CERES models were processed and 78 
combined with farm and herd data in HolosNor to assess the GHG emissions under current and 79 
future climate and production conditions at farm level. The same grass and wheat grain DM yields 80 
were also used in JORDMOD together with data from HolosNor on feed intake, milk yield and 81 
GHG emissions to further evaluate the impacts of these production conditions on land use, 82 
economics and GHG emissions at national level. 83 
2. Materials and methods 84 
2.1. Locations  85 
Climate, soil and farm management practices (e.g. cutting time and number of cuts per season for 86 
forage grasses, length of pasture period, and the use of concentrates and forage:concentrate ratio 87 
in the dairy cow diet) for four dairy farms representative of four production locations were 88 
included. The locations compared were south-east Norway (SEN), south-west Norway (SWN), 89 
central Norway (CN) and northern Norway (NN) (Fig. 1). Economic production analyses were 90 
performed at a national level based on the conditions in these locations.   91 
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 92 
Fig. 1. Map showing the locations of the modelled farms in Norway 93 
2.2. Models used 94 
Forage grass DM and spring wheat grain yields were simulated with BASGRA and CSM-CERES-95 
Wheat model, respectively, and fed into HolosNor model to estimate the GHG emissions at farm 96 
level. Finally, JORDMOD was used to scale-up the farm-level results from HolosNor to evaluate 97 
the production of grains and milk, land rents, food production and imports of agricultural products, 98 
and the GHG emissions at national level. A brief description of the models and their applications 99 
in this study is provided below. 100 
2.2.1. Grass and crop models (BASGRA and CSM-CERES-Wheat) 101 
The BASGRA model was used to simulate the multiple annual harvest of above-ground tissue and 102 
the subsequent regrowth (Höglind et al., 2016). Spring wheat, a major feed concentrate component, 103 
was simulated with the CSM-CERES-Wheat model (Ritchie et al., 1998), in the Decision Support 104 
System for Agrotechnology Transfer (DSSAT) software v.4.5 (Hoogenboom et al., 2010). In these 105 
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two process-driven models, growth development and yield of wheat and timothy grass, 106 
respectively are dynamically simulated as a function of weather, soil, management and crop 107 
genetics with a time step of one day. Growth is limited by sub-optimal soil water conditions in 108 
both models. In BASGRA, the soil is represented by one single layer with homogenous hydraulic 109 
properties, whereas the CSM-CERES-Wheat model in DSSAT includes multiple homogenous soil 110 
layers, of which the water content is affected by infiltration, evaporation and plant water uptake. 111 
The BASGRA assumes optimal nitrogen (N) status whereas CSM-CERES-Wheat includes 112 
functions for soil and plant N as affected by crop management, plant, soil and weather conditions. 113 
Plant N uptake is regulated by the ratio between the actual N concentration in the plant and the 114 
critical plant concentration for growth, and the availability of mineral soil N (Godwin and Singh, 115 
1998; Jones et al., 2003).  116 
Simulations of crop yield 117 
The climate, soil and management practices used as input data for the grass and wheat simulations 118 
represented the locations in Fig. 1. The weather data used in the simulations represented the period 119 
1961―1990, which were used as a baseline reference since is the latest full normal period, and 120 
projected future climate for the period 2046―2065 according to the Special Report on Emission 121 
Scenarios (SRES) GHG emissions scenario A1B (Nakicenovic et al., 2000). This scenario 122 
represents the intermediate future GHG emissions in the Intergovernmental Panel on Climate 123 
Change (IPCC) 4th Assessment Report (Pachauri and Reisinger, 2007).  124 
Downscaled daily data on weather variables, including minimum and maximum air temperature, 125 
precipitation and solar radiation, for the farm locations and the two periods were stochastically 126 
generated by the Long Ashton Research Station Weather Generator (LARS-WG) (Semenov, 127 
2010). For the period 2046―2065 four sets of 100 years of daily weather data were generated based 128 
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on two Global Climate Models (GCM): BCM2.0 and HadCM3 as previously described by Persson 129 
and Höglind (2014). Soil input data including particle size distribution, organic carbon (C) and 130 
hydraulic characteristics were obtained from Bonesmo et al. (2013).  131 
Timothy grass was simulated for all four geographic locations whereas spring wheat was simulated 132 
only for SEN and CN following the current regional production allocation of forage grass and 133 
cereal crops in Norway. We kept these geographic simulation settings for all scenarios since it is 134 
reasonable to argue that the rainfall patterns in western and northern Norway will continue to be 135 
adverse to spring cereal conditions also under projected future climate conditions. Weather inputs 136 
were obtained from LARS-WG calibrations against observed weather from Ås, Akershus County 137 
(59°40′ N; 10°48′ E; 89 m asl) for SEN, Sola, Rogaland County (58°53’N; 5°39’E) for SWN, 138 
Værnes, Nord-Trøndelag County (63°27’N; 10°55’E) for CN, and Tromsø, Troms County 139 
(69°39’N; 18°57’E) for NN.  140 
Soil input represented one farm in Marker municipality, Østfold County (SEN), one farm in Time 141 
municipality Rogaland county (SWN), one farm in Trondheim municipality Sør-Trøndelag county 142 
(CN), and one farm in Tromsø municipality, Troms county (NN). The atmospheric carbon dioxide 143 
(CO2) concentration was set to 350 ppm for the period 1961―1990, and 532 ppm for the period 144 
2046―2065 according to the SRES A1B GHG emission scenario. In order to encompass most of 145 
the expected inter-annual weather variability and its potential impact on the results, 100 146 
simulations were carried out, each with unique weather input data for each crop, location, soil type 147 
and set of weather data. The BASGRA simulations represented the cultivar Grindstad (Persson et 148 
al., 2014), which has been one of the most grown timothy cultivars for several decades under a 149 
wide range of climate and soil condition, and management practices in northern Europe. 150 
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Consequently, its characteristics were assumed to be representative for all regions and climate 151 
scenarios in this study.  152 
The start of the growing season in the spring was set to occur the fifth day the first period in the 153 
year that the average air temperature exceeded 5 °C five consecutive days (Bonesmo and Skjelvåg, 154 
1999). The first cut was simulated to occur 500 °C-days over a temperature base of 0 °C after the 155 
initialization of the growing season. The temperature sum between cuts was set to 600 °C-days 156 
over the same base temperature. This cutting frequency regime represents cutting at the mid-157 
heading stage, which is recommended for intensive dairy production. The spring wheat parameters 158 
represented the cultivar Zebra (Persson and Kværnø, 2016). We are not aware of any applicable 159 
methods to project future plant breeding advances and to calibrate of cultivar specific model 160 
parameters against such advances. Therefore, we found it the most suitable approach to keep the 161 
cultivar specific constant across climate scenarios. 162 
The planting date was set to May 3 for the 1961―1990 period and April 19 for the simulations that 163 
represented the period 2046―2065. The reason for choosing April 19 as planting date was that the 164 
mean daily temperature was the same for this date under conditions representing the mean of the 165 
GCMs BCM2.0, CSIRO-M.k3.0, GISS-AOM and HadCM3 for the SRES A1B GHG emission 166 
scenario conditions was the same as for mean daily temperature on May 3 for the period 1961-167 
1990 (Persson and Kværnø, 2016). Harvest was set to occur at maturity. Nitrogen was applied at 168 
planting with an amount of 132 kg/ha in all wheat simulations.  169 
2.2.2. The whole farm model (HolosNor) 170 
HolosNor was used to estimate GHG emission intensities (kilogram carbon dioxide equivalent: kg 171 
CO2e emissions produced per kg fat and protein corrected milk: FPCM). The model is based on 172 
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the Canadian HOLOS model (Little, 2008) utilising the IPCC methodology (IPCC, 2006) modified 173 
for Norwegian conditions by Bonesmo et al. (2013). The calculations of all emissions (enteric 174 
CH4, manure CH4, soil N2O, N2O from N leaching, run-off and volatilization, on-farm CO2-175 
emissions or C sequestration due to soil C changes and on-farm CO2 emissions from energy use, 176 
and off-farm CO2 emissions from supply of inputs such as fertilizers, pesticides, fuel and 177 
electricity) are explained in detail by Bonesmo et al. (2013). The boundary of the model is at farm 178 
gate; however, GHG emissions from the production of inputs used on-farm (e.g. fertilizers, 179 
electricity and fuel) are also included. The GHG emissions associated with the production of forage 180 
are determined by the CO2 emissions associated with the production of fertilizers, pesticides and 181 
fuel (i.e. machinery operations), the use of fuel on-farm and direct N2O emissions from soils, in 182 
addition to indirect N2O emissions resulting from nitrate leaching, N in run off and ammonia 183 
volatilization. Soil N2O emissions are related to the total N input (sum of N fertilizer applied, grass 184 
residual N and mineralised N), adjusted for seasonal variation in soil temperature and moisture. 185 
Emissions from purchased concentrates are calculated from grains produced off-farm and imported 186 
soybean meal required to supply the amount of energy and crude protein used on farm. Barley and 187 
oats grown on farm are assumed to be used as feed and replace off-farm grains in the concentrates 188 
as described by Bonesmo et al. (2013). Direct emissions from fuel and inputs used on-farm are 189 
calculated using emission factors described in Bonesmo et al. (2012). The emissions from grass 190 
and crop renovation (e.g., seeds) is not included in the model.   191 
Climate and soil data 192 
HolosNor requires seasonal soil water filled pore space (WFPS) and soil temperature (ST) at 30 193 
cm depth (see Supplementary material, Table 1 for WFPS and WS for the four locations). The 194 
CSM-CERES-Wheat simulations in DSSAT provided the spring and summer WFPS and ST data 195 
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for wheat in SEN and CN, but the model did not provide climate data for winter and autumn. Since 196 
wheat production was not simulated in SWN and NN, no soil temperature and water simulation 197 
output data were available for these two locations. Therefore, we adjusted the WFPS and ST data 198 
from SEN to SWN and from CN to NN by accounting for the differences between the two locations 199 
using data from Bonesmo et al. (2013) from these locations as baseline, assuming that the same 200 
difference between SEN and SWN, and CN and NN would persist in 2050. The WFPS and ST 201 
data obtained from DSSAT for spring wheat were also applied to grassland because the sensitivity 202 
of the HolosNor model outputs towards small changes in WFPS and ST was very low. Bonesmo 203 
et al. (2013) provided climate data for winter and autumn in all locations, however due to the 204 
significant differences between the ST and WFPS for spring and summer obtained from DSSAT 205 
and Bonesmo et al. (2013), we made a new baseline. Data for winter and autumn were calibrated 206 
to reflect the regional variation according to Bonesmo et al. (2013) and the level of ST and WFPS 207 
from DSSAT by subtracting the difference between the ST in summer and winter in the baseline 208 
of Bonesmo et al. (2013) from the ST in summer (DSSAT output), thereby obtaining a ST in 209 
winter. The same procedure was applied to obtain the WFPS in winter for the new baseline too. 210 
The 10th, the 50th and the 90th percentiles of the grass yields in different locations for 100 individual 211 
simulations with unique weather input data were used to calculate low (ly), median (my) and high 212 
(hy) yielding years. The corresponding spring and summer WFPS and ST data as well as the wheat 213 
yield for the selected years were used as inputs.  214 
Herd characteristics  215 
Herd characteristics and management differences between the locations are based on Bonesmo et 216 
al. (2013), which reflect actual farms in each location. In Norway, most cows (90%) are Norwegian 217 
Reds, and the normal practice is year round calving with fattening of bulls on farm. Details of the 218 
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herd characteristics for the baseline are reported in Bonesmo et al. (2013). Briefly, herd size was 219 
highest in SWN (28 dairy cows) and lowest in NN (16 dairy cows). South-west region had the 220 
highest milk yield per cow (6958 kg FPCM), and CN the lowest (5511 kg FPCM. The highest and 221 
lowest concentrate use per dairy cow was observed in NN and CN (2138 kg and 1373 kg DM, 222 
respectively). The lay area per cow was highest in NN, and lowest in SWN, reflecting differences 223 
in yield due to climatic conditions. For the same reason, the proportion of time spent on grazing 224 
was highest in SEN (42%), and lowest in NN (20%). The proportion of culled cows per dairy cow 225 
was highest in CN (0.53) and lowest in NN (0.13). Culled animals were replaced with first lactating 226 
cows. The herds consisted of the following animal groups: milking cows, dry cows, first lactating 227 
cows, heifers older and younger than 1-year-old, bulls older and younger than 1-year-old, and 228 
calves. The ratio of milking cows and heifers in Bonesmo et al. (2013) in four locations was used 229 
to calculate the number of heifers in different production conditions. The highest live weight at 230 
slaughter for the fattened young bulls was in SWN and lowest in SEN, whereas the slaughter age 231 
was lowest in CN (21 months) and highest in SEN (26 months). Central Norway showed the 232 
highest use of concentrates for fattening of bulls (2967 kg DM compared to 1830 kg and 1730 kg 233 
DM in SEN and SWN, respectively). There were no fattening of bulls on farm in NN.  234 
Production conditions 235 
Two different production conditions, reflecting the current and potential future structure of the 236 
dairy systems in Norway were included. In addition, a baseline was formed using the production 237 
and herd data from 2008 (Bonesmo et al., 2013). Milk yield in 2050 was extrapolated using a 1% 238 
annual increase in milk yield, based on the recent records of production in Norway (TINE Advisory 239 
Services, 2014) (Table 1). Under the first future condition, we assumed that the current domestic 240 
milk quota (MQ) of 1500 million liters was still in effect, resulting in a reduction in the number of 241 
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dairy cows in the herd due to the increased milk yields. Therefore, the grass area was reduced in 242 
response to the higher future grass yields, to match the consumed amount of silage on farm. Under 243 
the second future production condition, MQ was assumed to be abolished (no milk quota: NMQ), 244 
allowing the model to increase the number of dairy cows in response to the higher future grass 245 
yields within the limits of the silage area on farm. Milk yield per cow was assumed to be the same 246 
in both production conditions (MQ and NMQ). Milk delivered from the farm to dairy was set to 247 
93% of the net milk production (TINE Advisory Services, 2014). 248 
Table 1. Kilogram fat and protein corrected milk (kg FPCM) produced per cow per year in the 249 
baseline and the two production conditions for four locations 250 
Location Milk yield (kg FPCM cow-1 year-1) 
 
Baseline MQ/NMQb 
SENa 6986 10,810 
SWNa 6333 9892 
CNa 5519 9106 
NNa  6115 9725 
aSEN: South-east Norway; SWN: South-west Norway; CN: Central Norway; NN: Northern Norway  251 
bMQ: Milk quota; NMQ: No milk quota 252 
Feedstuffs used in the ration and feeding practice 253 
Feedstuffs used were concentrates consisting of barley and oats grown on- and off-farm, imported 254 
soybean meal and forage. Non-simulated cereal yield was assumed to be related to simulated 255 
spring wheat yield according to the following: Winter wheat, oats and barley grain yields were 256 
assumed to be 45%, 34% and 7% higher than that of simulated spring wheat yield, i.e. the same 257 
ratios between the yields of different cereal crops, as used by Bonesmo et al. (2013), were assumed 258 
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for all climate projections. The area allocated for only grazing was 6.7 ha in NN. For the rest of 259 
the locations, area used for silage making was also used for grazing. The area allocated to a specific 260 
cereal crop production and grass as well as the applications of N fertilizers and pesticides were 261 
adjusted according to Bonesmo et al. (2013) for different locations. Unharvested above-ground 262 
stubble biomass of grass was considered as 885 kg/ha per harvest (Höglind et al., 2005). The DM 263 
content of the grass was set to 25%. Losses associated with making and feeding the silage was set 264 
to 20% (Randby et al., 2015) and 10% (Bonesmo et al., 2013). Silage nutritive value of the baseline 265 
for each location was set as in Bonesmo et al. (2013) and these nutritive values were also used for 266 
the future projections. Concentrate requirements for milk yield in 2050 was estimated using a 267 
linear regression model developed from the feed requirements of dairy cows with varying levels 268 
of milk production presented by Volden (2013). Higher milk yields require a higher use of 269 
concentrates, thus changing the grass:concentrate ratio in the diet from the baseline (i.e. MQ). 270 
Table 2 shows silage area and concentrate consumption (kg DM cow-1) for the two production 271 
conditions in four locations.  272 
Table 2. Silage area and concentrate consumption (kg dry matter: DM) in the projected climate 273 
conditions in four locations of Norway. The low (ly), median (my) and high yielding (hy) years 274 
refer to grass yielding years at 10th, 50th and 90th percentiles, respectively 275 
Projected climate 
condition in four locations 
Silage area (ha) Concentrate consumption 
(kg DM cow-1 year-1) 
 Production condition 
 MQb NMQb MQb NMQb 
SENa     
Baseline – my 20    
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BCM2.0 – ly 13 20  
 
1823 
 
 
3711 
BCM2.0 – my 11 20 
BCM2.0 – hy 10 20 
HadCM3 – ly 23 20 
HadCM3 – my 12 20 
HadCM3– hy 9 20 
     
SWNa     
Baseline – my 28   
 
 
1972 
 
 
 
3603 
BCM2.0 – ly 20 28 
BCM2.0 – my 15 28 
BCM2.0 – hy 14 28 
HadCM3 – ly 18 28 
HadCM3 – my 12 28 
HadCM3 –hy 11 28 
     
CNa     
Baseline – my 34   
 
 
1376 
 
 
 
3056 
BCM2.0 – ly 21 34 
BCM2.0 – my 18 34 
BCM2.0 – hy 17 34 
HadCM3 – ly 22 34 
HadCM3 – my 18 34 
HadCM3 – hy 17 34 
     
NNa     
Baseline – my 38   
 
 
 BCM2.0 – ly 21 38 
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BCM2.0 – my 17 38  
2138 
 
3407 BCM2.0 – hy 16 38 
HadCM3 – ly 24 38 
HadCM3 – my 19 38 
HadCM3 – hy 16 38 
aSEN: South-east Norway; SWN: South-west Norway; CN: Central Norway; NN: Northern Norway  276 
bMQ: Milk quota; NMQ: No milk quota 277 
The silage available for feeding was calculated from the BASGRA model outputs of timothy grass. 278 
The yields represent the location and specific management practice e.g. number of cuts. The 279 
grazing season (% of the days in a year when the animals had access to pasture) was set to 42% 280 
and 9% in SEN, 39% and 9% in SWN, 39% and 33% in CN, and 20% and 25% in NN for cows 281 
and heifers (Bonesmo et al., 2013).  282 
Farm management 283 
Pesticides were applied to grass- and cropland. An average pesticide use of 40 MJ ha-1 was used 284 
for grasslands in all locations (Bonesmo et al., 2013). This figure is related to the energy used to 285 
produce the pesticides as described by Audsley et al. (2009). Pesticides applied to field crops was 286 
set to 144 MJ for barley and oats, 180 MJ for spring wheat and 427 MJ ha-1 for winter wheat. The 287 
N fertilizer applied to silage area was 297 kg, 139 kg, 116 kg and 68 kg ha-1 in SEN, SWN, CN 288 
and NN, respectively. Silage additive used was 0.00079 kg, 0.0022 kg, 0.0014 kg and 0.0006 kg 289 
CH2O2 (kg silage)-1 in SEN, SWN, CN and NN, respectively (Bonesmo et al., 2013). Number of 290 
grass cuts were 3 in baseline, 4 in BCM2.0, and 5 in HadCM3 in SEN and CN; 4 in baseline and 291 
BCM2.0, and 5 in HadCM3 in the SWN; and 2 in baseline, 3 in both BCM2.0 and HadCM3 in the 292 
NN, which corresponded to the output of the BASGRA simulations using the cutting frequency 293 
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explained above. As the number of cuts differed between baseline and the future, total fuel 294 
consumption was calculated based on the fuel consumption per grass cut (1740 L, 2104 L, 2204 L 295 
and 1240 L cut-1 in SEN, SWN, CN and NN, respectively), in addition to the fuel consumption for 296 
grains. Fuel consumption per grass cut was estimated based on the proportion of total area allocated 297 
to grass and cereal crops, and the number of grass cuts in the baseline. These proportions of the 298 
land allocated to cereal crops and silage making in different locations in the baseline period were 299 
40:60 in SEN and 35:65 in CN. A fixed value for the electricity consumption per cow per year 300 
(1093 kWh, 616 kWh, 1050 kWh and 2058 kWh year-1 in SEN, SWN, CN and NN, respectively) 301 
was used to calculate the total electricity consumption on farm (Bonesmo et al., 2013). 302 
2.2.3. Economic model (JORDMOD) 303 
The economic model, JORDMOD, is a spatial, price-endogenous partial equilibrium model for 304 
Norwegian agriculture (Bullock et al., 2016). It is divided into two modules: a supply module and 305 
a market module. 306 
Supply module 307 
The supply module follows a whole farm approach by which profits for about 320 specialized 308 
farms are maximized. The approach generates minimum costs at the farm level, which are 309 
translated into supply functions. The module distinguishes between 11 different types of 310 
production (cereals, potatoes, fruits and berries, vegetables, cow milk, goat milk, beef, sheep, pork, 311 
poultry and egg) in 32 Norwegian regions that differ with respect to natural conditions and 312 
payment rates. The model covers 37 farm inputs (e.g. various types of seed, plant protection, 313 
fertilizer, machinery, energy, veterinary, capital, land and labor) and 28 farm outputs (e.g. grains, 314 
potatoes, oilseeds, protein crops, milk, different types of meats and egg). The relationship between 315 
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most inputs and outputs is mostly fixed with parameters calibrated to observations at farm level 316 
and national level. Crop yields were obtained from CSM-CERES-Wheat and BASGRA while milk 317 
yields and feeding ratios were taken from HolosNor in order to ensure consistency between the 318 
models. Timothy grass was considered as a crop. The fact that simulated yields from CSM-319 
CERES-Wheat and BASGRA were higher than the yields achieved by farmers (i.e. “yield gap”) 320 
and those assumed in previous applications of JORDMOD, crop yields had to be adjusted before 321 
they entered JORDMOD. Therefore, relative yield changes compared to the baseline for each 322 
simulation derived from the CSM-CERES-Wheat and BASGRA were applied to the calibrated 323 
yields in JORDMOD. By doing this yield calibration, we could eliminate the potential deviation 324 
from what is normal for the region in question that any non-representability of the of the soil and 325 
climate conditions that were assumed in the crop simulations had within climates related to each 326 
period and GCM. Any effects of possible interaction between soil and climate related to each GCM 327 
on yield could not be excluded in this method. However, previous studies showed rather similar 328 
effects on different soil types in Norway on wheat (Persson and Kværnø 2016) and timothy grass 329 
yield (Persson et al 2015) under current and projected future climate. Further, crop yields in 330 
JORDMOD are a function of N input. As such, this model allows for an adjustment of N intensity 331 
as a response to a change in relative prices between N and crop output.  332 
Unlike BASGRA and HolosNor, which were applied to four specific locations, and CSM-CERES-333 
Wheat, which was applied to two specific locations, JORDMOD represented the entire country, 334 
making assumptions at national level. Upscaling from the farm level to the regional level was 335 
achieved by applying the same relative crop yield changes, milk yield changes and feeding ratios 336 
to those locations that were not covered by the three other models. In particular, the relative yield 337 
changes of SEN in the three other models were applied to the most fertile regions in SEN in 338 
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JORDMOD. South-west Norway is a particular region with agricultural conditions not found in 339 
other regions in Norway. Therefore, relative changes in SWN were applied to this location only. 340 
The relative changes in the remaining locations in SEN and SWN in JORDMOD were adjusted, 341 
using relative changes for CN in the three other models, while changes in NN in JORDMOD were 342 
adjusted with the relative changes for NN in the other three models. The actual mix of inputs and 343 
outputs for each farm type is determined by maximizing farm profit for given producer prices, 344 
agronomic constraints and other regulations e.g. maximum size for farms producing pork, poultry 345 
and egg or the milk quota regime limiting the amount of milk that can be delivered per farm. Milk 346 
quotas are tradable between farms in the same county. Farm size measured in farmland or number 347 
of animals per farm is determined as part of the profit maximization procedure. 348 
The model includes the main support schemes such as output payments and direct support schemes 349 
to farmland and animals. Payment rates are often differentiated by region and farm size. Per unit 350 
rates are higher in NN compared to SN, and they are higher for the first units of farm land and 351 
animals compared to the last units. Some payments are capped. In the baseline, budget support to 352 
agriculture amounted to 23,770 NOK per ha farmed land.  353 
Outputs at the farm level are processed into final demand products. The model distinguishes 40 354 
products demanded by consumers, amongst which 16 are meat products and 14 are dairy. The 355 
remaining products cover plant products (e.g. bread grains, potatoes, different kinds of fruits and 356 
vegetables) and eggs. Processing margins for meat and dairy products depend on domestic 357 
production quantity delivered by farms, the number of producers, the number and size of 358 
processing plants as well as the geographical location of producers and processors.  359 
Market module 360 
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The core of the market module is a system of supply and demand functions for the 40 products 361 
that consumers demand. Supply functions are derived from the farms types in the supply module. 362 
Final demand for food is expressed by linear demand functions. World market prices are taken as 363 
given and establish a price floor. Trade policies such as import tariffs, import quotas and export 364 
subsidies apply. The model allows for imports and exports given trade policies for all 40 market 365 
products. In addition, trade is allowed for intermediate products such as carcasses of livestock, 366 
pigs and sheep. Import occurs when the world market price plus the relevant import tariff is lower 367 
than the costs of domestic production (both for primary agriculture and processing). The model 368 
finds an equilibrium solution by maximizing the sum of producer and consumer surplus in the 40 369 
markets. The solution generates equilibrium quantities and prices in the markets. This information 370 
is incorporated back to the supply module to repeat the optimization of inputs and outputs for each 371 
farm type. This process creates a loop, which is finalized when the equilibrium prices derived in 372 
the market module are consistent with the producer prices used in the farm optimization process 373 
in the supply module.  374 
The model’s equilibrium solution in the base year does not coincide with observed numbers 375 
because the model assumes a long-term adjustment to known economic conditions like prices and 376 
subsidies. In reality, those conditions may change more frequently so that farmers constantly adapt 377 
to new situations. In order to prevent the model from yielding base years’ results too far from 378 
observed numbers (e.g. production, land use and labor input), input-output parameters of the model 379 
were calibrated. The base year was "2011", which was defined as the unweighted average of the 380 
years 2010―2012 with rates of subsidy applicable to calendar year 2011. The simulation year was 381 
set to 2050 in order to achieve consistency with BASGRA, CSM-CERES-Wheat and HolosNor. 382 
For population growth, a forecast for the simulation year was taken from Statistics Norway (2015). 383 
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For other exogenous parameters like world market prices, interest rates and wage rates, no reliable 384 
forecasts for such a long time-period exist. Instead, forecasts with a time frame that was as long as 385 
possible were used. For instance, world market prices were prolonged to 2050 using the same 386 
annual percentage change as in the forecast results in OECD-FAO (2015) for the years 387 
2015―2024.  388 
Model output and simulations 389 
The main outputs from JORDMOD are domestic food production and consumption, imports and 390 
exports, market prices and derived producer prices, employment in primary agriculture, land use, 391 
capital used in primary agriculture, support to agriculture (budget support and import protection) 392 
and economic surplus. Total food production is measured in energy units and excludes feed grains 393 
to avoid double counting as feed grains is an input to milk and meat production. Agricultural 394 
income is defined as land rents and calculated by deducting costs including labor and capital from 395 
the sum of market incomes and budget support. Land rents, hence, represent the remuneration to 396 
land after all other inputs have been remunerated. Greenhouse gas emissions related to dairy 397 
production are calculated using GHG emissions intensity coefficients from HolosNor and scaling 398 
up to the national level based on the regional production levels. 399 
The simulations in JORDMOD follow the set-up of simulations in HolosNor and uses results from 400 
HolosNor with regard to crop yields, milk output and dairy feeding regime. The model is run for 401 
each of the two future climate scenarios, for MQ and NMQ production conditions, and for three 402 
different levels of grass and grain yields (ly, my and hy) and associated feedings regimes and milk 403 
output. JORDMOD abstracts from uncertainty, meaning that the producer perfectly knows the 404 
weather in advance of production and management decisions. In this respect, the model is unable 405 
to mirror the anticipated increased variation in the future climate.  406 
This is the post-peer review, pre-copyedit version of an article published in Agricultural Systems. 
The final authenticated version is available online at: http://dx.doi.org/10.1016/j.agsy.2017.07.004
21 
 
2.2.4. Input-output interactions between the models 407 
Fig. 2 below shows how the models were combined. The three models have different base years 408 
as the plant models are calibrated to the 1965-1990 period, HolosNor uses 2008, and the base year 409 
of JORDMOD is 2011. However, the simulation year 2050 is common for all three models. We 410 
regard the differences in the base years insignificant compared to the fact that the simulation year 411 
lies about 40 years ahead. 412 
 413 
Fig. 2. Model interactions. FPCM: Fat protein corrected milk, DM: dry matter, kg CO2e: kilogram 414 
carbon dioxide equivalents. Black arrows refer to BASGRA, CSM-CERES-Wheat and HolosNor 415 
variables used in JORDMOD model; yellow-shaded area refers to main inputs used in BASGRA, 416 
CSM-CERES-Wheat and HolosNor models; dark-green-shaded area refers to outputs of a 417 
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particular model used by another model; light-green-shaded area refers to outputs of a model not 418 
used further by another model (i.e. JORDMOD results); and finally blue-shaded area refers to 419 
models used. 420 
3. Results 421 
3.1. Grass and wheat yields 422 
Selected grass DM and wheat grain yields (kg DM ha-1) in different locations of Norway under 423 
baseline (1961―1990) and future (2046―2065) climate conditions as projected under the A1B 424 
GHG emission scenario in IPCC AR4 report and two different GCMs are presented in Table 3.  425 
Table 3. Simulated grass and cereal dry matter (DM) yields using BASGRA and CSM-CERES-426 
Wheat, respectively, under baseline (1961―1990) and future (2046―2065) climate conditions as 427 
projected by two different Global Climate Models (BCM2.0 and HadCM3). For each simulation 428 
case, the average temperature and accumulated precipitation during the growing season, the length 429 
of the growing season for timothy grass as defined by Bonesmo and Skjelvåg (1999), and the 430 
temperature sum (above 0 °C) are also presented.  The low (ly), median (my) and high (hy) yielding 431 
years refer to grass yielding years at 10th, 50th and 90th percentiles, respectively 432 
   Growing season 
Projected 
climate condition 
in four locations 
Grass yield (kg 
above-ground 
DM ha-1) b 
Wheat yield 
(kg grain 
DM ha-1) 
Daily average 
temperature 
(°C) 
Accumulated 
precipitation 
(mm) 
Length 
(days) 
Temp. 
sum 
(°C days) 
SENa 
 
     
Baseline – my 11,323 2269 11.1 655 208 2310 
BCM2.0 – ly 10,962 6097 12.9 540 236 2860 
BCM2.0 – my 13,431 6590 12.3 490 225 2762 
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BCM2.0 – hy 14,993 6731 12.7 610 216 2737 
HadCM3 – ly 6127 6061 13,8 454 205 2830 
HadCM3 – my 11,982 6835 14.0 757 200 2809 
HadCM3 – hy 16,761 6809 13.5 680 220 2972 
       
SWNa       
Baseline – my 10,777 - 10.4 755 224 2341 
BCM2.0 – ly 9700 - 10.7 1077 289 3803 
BCM2.0 – my 12,707 - 10.9 970 279 3043 
BCM2.0 – hy 13,959 - 10.9 1009 277 3038 
HadCM3 – ly 10,881 - 11.6 956 283 3280 
HadCM3 – my 15,869 - 11.8 998 286 3260 
HadCM3 – hy 18,046 - 11.8 1012 269 3182 
 
      
CNa       
Baseline – my 11,843 4499 10.6 492 191 2029 
BCM2.0 – ly 11,260 4916 11.0 643 227 2490 
BCM2.0 – my 13,398 4896 11.1 613 229 2540 
BCM2.0 – hy 14,012 4864 11.6 766 211 2460 
HadCM3 – ly 10,777 5255 10.9 792 233 2549 
HadCM3 – my 13,320 5414 11.0 744 246 2719 
HadCM3 – hy 14,000 5517 12.6 557 209 2600 
       
NNa       
Baseline – my 6483 - 8.6 309 143 1239 
BCM2.0 – ly 7870 - 9.6 754 220 2126 
BCM2.0 – my 9531 - 10.0 809 187 1878 
BCM2.0 – hy 10,294 - 9.9 596 209 2064 
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HadCM3 – ly 6886 - 8.8 682 224 1986 
HadCM3 – my 8595 - 9.9 482 172 1709 
HadCM3 – hy 10,130 - 10.5 648 170 1777 
aSEN: South-east Norway; SWN: South-west Norway; CN: Central Norway; NN: Northern Norway  433 
bGrass yield includes a harvest loss of 885 kg DM ha-1 harvest-1 (Höglind et al., 2005) 434 
The median grass yields in the baseline period ranged between 6483 kg and 11,323 kg DM ha-1, 435 
whereas in the future period they varied between 8595 kg and 15,869 kg DM ha-1 between 436 
locations and climate projections. The median grass yield increased from the baseline to the future 437 
period in all locations and climate projections. The largest increase 5092 kg DM ha-1 was simulated 438 
for SWN in the HadCM3 climate projection. The inter-annual variability in grass yields varied 439 
between location and climate projection. The widest span between a high and a low yielding year, 440 
10,634 kg DM ha-1, was simulated for SEN in the HadCM3 climate projection.  441 
The corresponding wheat grain DM yields that were simulated under the same weather conditions 442 
within each projected climate as the high median and low timothy grass yields increased from the 443 
baseline to the future period in both wheat producing locations and for all climate projections. 444 
3.2. GHG emissions intensity for milk production 445 
The GHG emissions intensities ranged between 0.8 kg and 1.23 kg CO2e (kg FPCM)-1 in all 446 
production conditions and locations (Table 4). Overall, emissions intensities were lower in 447 
2046―2065 compared to the baseline in all locations and for all GCMs and production conditions, 448 
except for a low yielding year in HadCM3 climate projection in SEN where emissions intensities 449 
were higher than those in the baseline. The lowest and highest emissions intensities were achieved 450 
in CN in the BCM2.0 and SEN in the HadCM3 climate projection in a low timothy grass yielding 451 
year and in a future production condition where milk quotas were removed, respectively. These 452 
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figures were 13% lower and 6% higher than the baseline values in the given locations. In all 453 
scenarios, emissions intensities were lower in the high yielding years than the median yielding 454 
years, and lower in the median yielding years than the low yielding years. The production 455 
conditions where milk quota was removed resulted in lower emissions intensities than those where 456 
the milk quota was still in effect, except for the low yielding year in the HadCM3 climate 457 
projection in SEN where the production condition with milk quota exhibited 2.5% higher 458 
emissions intensity than the NMQ condition. 459 
Table 4. Greenhouse gas emissions intensity (kg CO2e (kg fat and protein corrected milk: FPCM)-460 
1) in four locations under baseline (1961―1990) and future (2046―2065) climate conditions as 461 
projected by two different Global Climate Models (BCM2.0 and HadCM3). The low (ly), median 462 
(my) and high (hy) yielding years refer to grass yielding years at 10th, 50th and 90th percentiles, 463 
respectively 464 
Greenhouse gas emissions 
intensity (kg CO2e (kg FPCM)-1 
Locations 
 SENa SWNa CNa NNa 
Baseline – my 1.16 1.05 0.92 1.00 
BCM2.0 – ly 1.03b and 1.01c 0.99b and 0.98c 0.83b and 0.80c 0.89b and 0.87c 
BCM2.0 – my 0.99b and 0.96c 0.95b and 0.92c 0.82b and 0.77c 0.87b and 0.85c 
BCM2.0 – hy 0.97b and 0.93c 0.95b and 0.91c 0.82b and 0.77c 0.86b and 0.84c 
HadCM3 – ly 1.2b and 1.23c 0.98b and 0.95c 0.84b and 0.81c 0.90b and 0.89c 
HadCM3– my 1.02b and 0.99c 0.94b and 0.89c 0.82b and 0.77c 0.88b and 0.86c 
HadCM3– hy 0.97b and 0.92c 0.94b and 0.89c 0.82b and 0.77c 0.86b and 0.84c 
aSEN: South-east Norway; SWN: South-west Norway; CN: Central Norway; NN: Northern Norway  465 
bMilk quota  466 
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cNo milk quota 467 
Table 5 shows the emissions per kg FPCM for individual emission sources for the four locations 468 
under the two production conditions and GCMs. Compared to CN, SEN had higher N2O emissions 469 
from soils and higher CO2 emissions from energy use, in addition to a lower C sequestration in the 470 
soil. Both BCM2.0 and HadCM3 resulted in lower enteric CH4, manure N2O and soil N2O 471 
compared to the baseline. The CO2 emissions associated with energy use were lower in the NMQ 472 
than in the MQ. Similarly, NMQ conditions resulted in lower N2O emissions from soils than the 473 
MQ, with the exception being low yielding year in HadCM3 climate conditions in SEN and high 474 
yielding year in NN for the same GCM. The CO2 emissions related to both imported soybean meal 475 
and off-farm purchased barley and oats were higher in the NMQ than those of MQ in SEN only, 476 
and remained at similar levels except for CN where the CO2 emissions from imported soybean 477 
meal only and for NN where the CO2 emissions from purchased barley and oats only were higher 478 
in the NMQ than in the MQ (except for a low yielding year in HadCM3 in NN). 479 
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Table 5. Greenhouse gas emission intensities (kg CO2e (kg fat and protein corrected milk: FPCM) -1) from individual emission sources 480 
in four locations under baseline (1961―1990) and future (2046―2065) climate conditions as projected by two different Global Climate 481 
Models (GCMs) (BCM2.0 and HadCM3) and milk production conditions with milk quota (MQ) and without milk quota (NMQ). The 482 
low (ly), median (ay) and high (hy) yielding years refer to grass yielding years at 10th, 50th and 90th percentiles, respectively 483 
Greenhouse gas emissions 
intensity (kg CO2e (kg 
FPCM)-1) 
 Production conditions and GCMs 
  MQ NMQ 
 Baseline BCM2.0 HadCM3 BCM2.0 HadCM3 
  ly my hy ly my hy ly my hy ly my hy 
SENa              
Soil C -0.01 -0.02 -0.03 -0.04 0,03 -0.03 -0.04 -0.03 -0.04 -0.04 0.01 -0.04 -0.05 
Enteric CH4 0.44 0.37 0.37 0.37 0.37 0.37 0.37 0.38 0.38 0.38 0.37 0.38 0.38 
Manure CH4 0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 
Manure N2O 0.10 0.08 0.08 0.08 0.09 0.08 0.07 0.09 0.09 0.09 0.08 0.09 0.09 
Soil N2O 0.28 0.27 0.26 0.25 0.34 0.27 0.25 0.24 0.22 0.20 0.36 0.23 0.19 
Feed CO2 soybean mealb 0.07 0.04 0.03 0.03 0.04 0.02 0.02 0.07 0.08 0.09 0.02 0.07 0.09 
Feed CO2 off-farm feedc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.05 0.00 0.04 0.05 
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Energy use (direct & indirect) 0.23 0.25 0.24 0.23 0.30 0.26 0.25 0.18 0.15 0.14 0.34 0.18 0.13 
              
SWNa              
Soil C -0.04 -0.03 -0.05 -0.05 -0.04 -0.06 -0.06 -0.03 -0.05 -0.05 -0.04 -0.06 -0.06 
Enteric CH4 0.45 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 
Manure CH4 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 
Manure N2O 0.14 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 
Soil N2O 0.16 0.14 0.12 0.12 0.12 0.11 0.11 0.14 0.12 0.12 0.12 0.11 0.11 
Feed CO2 soybean mealb 0.10 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 
Feed CO2 off-farm feedc 0.06 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
Energy use (direct & indirect) 0.10 0.10 0.10 0.09 0.112 0.11 0.11 0.08 0.06 0.06 0.09 0.06 0.05 
              
CNa              
Soil C -0.06 -0.05 -0.06 -0.06 -0.06 -0.06 -0.07 -0.06 -0.07 -0.07 -0.06 -0.07 -0.07 
Enteric CH4 0.47 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 
Manure CH4 0.07 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 
Manure N2O 0.13 0.11 0.10 0.10 0.11 0.10 0.10 0.11 0.11 0.11 0.11 0.11 0.11 
Soil N2O 0.18 0.18 0.18 0.18 0.19 0.18 0.18 0.15 0.14 0.14 0.16 0.14 0.14 
Feed CO2 soybean mealb 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.05 0.06 0.06 0.04 0.05 0.06 
Feed CO2 off-farm feedc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Energy use (direct & indirect) 0.13 0.15 0.14 0.14 0.16 0.15 0.15 0.10 0.08 0.08 0.11 0.09 0.09 
              
NNa              
Soil C -0.10 -0.10 -0.10 -0.11 -0.09 -0.10 -0.11 -0.10 -0.10 -0.11 -0.09 -0.10 -0.11 
Enteric CH4 0.48 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 
Manure CH4 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
Manure N2O 0.13 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 
Soil N2O 0.15 0.11 0.11 0.11 0.12 0.11 0.10 0.11 0.11 0.11 0.12 0.11 0.11 
Feed CO2 soybean mealb 0.12 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 
Feed CO2 off-farm feedc 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.08 0.07 0.08 0.08 
Energy use (direct & indirect) 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.04 0.03 0.03 0.05 0.04 0.03 
aSEN: South-east Norway; SWN: South-west Norway; CN: Central Norway; NN: Northern Norway 484 
bCO2 emissions from imported soybean meal 485 
cCO2 emissions from off-farm produced barley and oats 486 
 487 
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3.3. Economic evaluation 488 
Tables 6 and 7 present key results of JORDMOD on agricultural activity, farm income, production 489 
and trade under the different GCMs and production conditions.  490 
National cereal grain production increased in all future simulations compared to the baseline 491 
(Table 6). However, higher grain yields did not always lead to higher domestic production, which 492 
was particularly evident in the NMQ condition. In these simulations, domestic grain production 493 
was the highest when grain yields were the lowest. Low grain yields reduced the profitability of 494 
beef produced on suckler cows more than the profitability of grain production, whereby suckler 495 
cow production was reduced, and grassland used for suckler cows was converted to produce grain.  496 
The JORDMOD simulations indicate a large potential for increased domestic milk production in 497 
the future. For example, milk production increased from 1632 million liters (ML) in the baseline 498 
to 1832 ML in the MQ condition and more than 2800 ML in the NMQ condition, reflecting an 499 
86% increase in the median yielding year for HadCM3 in the NMQ condition compared to the 500 
baseline. Land rents varied between 1914 (baseline) and 3901 million NOK (for the median 501 
yielding year in the BCM2.0 and NMQ production condition). 502 
  503 
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Table 6. Production of grains, milk, beef, farm land, number of dairy and suckler cows and land rents simulated by JORDMOD under 504 
baseline (1961―1990) and future (2050) climate conditions projected by the two Global Climate Models (BCM2.0 and HadCM3) and 505 
production conditions with milk quota (MQ) and without milk quota (NMQ). The low (ly), median (my) and high (hy) yielding years 506 
refer to grass yielding years at 10th, 50th and 90th percentiles, respectively. FPCM: Fat protein corrected milk, NOK: Norwegian krone 507 
  
Grain production 
(1000 tonnes) 
Milk production 
(million kg FPCM) 
Beef production 
(million kg) 
Farmed land 
(1000 ha) 
Dairy cows 
(1000 heads) 
Suckler cows 
(1000 heads) 
Land rents (million 
2011 NOK) 
Baseline – my 1091 1632 83 934 275 36 1914 
BCM2.0 – ly, MQa 1285 1832 70 964 208 111 2360 
BCM2.0 – my, MQa 1258 1832 109 1050 208 240 3267 
BCM2.0 – hy, MQa 1253 1832 110 1016 208 243 3006 
HadCM3 – ly, MQa 1253 1832 43 860 209 15 2149 
HadCM3 – my, MQa 1416 1832 93 1052 208 179 2957 
HadCM3 – hy, MQa 1362 1832 111 1004 208 237 2927 
BCM2.0 – ly, NMQb 1441 2733 69 992 307 35 3202 
BCM2.0 – my, NMQb 1222 2761 110 1006 310 127 3901 
BCM2.0 – hy, NMQb 1268 2748 110 999 308 136 3425 
HadCM3 – ly, NMQb 1448 2626 61 987 304 0 3375 
HadCM3 – my, NMQb 1266 2819 104 1071 318 134 3554 
HadCM3 – hy, NMQb 1377 2744 111 988 307 125 3175 
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aMQ:Milk quota  508 
bNMQ: No milk quota 509 
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The amount of farmed land varied relative to the increase in crop yields. In general, higher yields 510 
increased the profitability of farmed land and led to the allocation of a larger land area for 511 
agricultural production. However, changes in the relative profitability between productions and 512 
final consumer demand also determine the mix and size of domestic production. For example, the 513 
amount of farmed land was higher in the average yielding years compared to low and high yielding 514 
years. 515 
The simulations indicate that future crop yields and dairy management choices can be quite 516 
sensitive to the size of the agricultural sector and its sub-sectors. For instance, beef production 517 
varied between 43 and 111 million kg and the number of suckler cows varied between 15,000 and 518 
237,000 heads for the HadCM3 climate projection in presence of the MQ policy for the low and 519 
high yielding years, respectively. In contrast, the number of dairy cows showed less variation with 520 
respect to different grass yielding years. Milk yields per cow were fixed in the simulations and 521 
milk production was constrained by the quota (in the MQ condition). Hence, the number of dairy 522 
cows did not change. Without MQ, the number of dairy cows followed the development of milk 523 
production.  524 
Land rents were higher in all simulations compared to the baseline, and higher in the NMQ than 525 
in the MQ for the same grass yielding years and GCMs. This reflects the fact that higher yields 526 
increased the profitability of the land. Moreover, land rents depended on the future of the MQ 527 
regime. Without MQ, land rents were considerably higher than under the MQ regime due to higher 528 
dairy production per unit land area.  529 
Table 7 below presents the key findings for the simulated food production and imports of dairy, 530 
beef, feed grains and feed protein for baseline (1961―1990) and future (2050) climate conditions. 531 
Total domestic food production in energy terms increased compared to the baseline in all 532 
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simulations. Further, total domestic food production was considerably higher in the NMQ regime 533 
compared to the simulations where MQ was in place.  534 
Amount and composition of imports were also closely related to domestic production. Dairy 535 
imports increased considerably with the MQ regime due to population growth. Even without MQ, 536 
dairy imports were higher in the future compared to the baseline period. The development of beef 537 
imports was sensitive to the climate projections applied. Median and high yielding years most 538 
often led to lower imports, while low yielding years exhibited the opposite effect.  539 
Table 7. Food production and imports of dairy, beef and feed protein simulated by JORDMOD 540 
under baseline (1961―1990) and future (2050) climate conditions projected by two Global Climate 541 
Models (BCM2.0 and HadCM3) and production conditions with milk quota (MQ) and without 542 
milk quota (NMQ). The low (ly), median (my) and high (hy) yielding years refer to grass yielding 543 
years at 10th, 50th and 90th percentiles, respectively. 544 
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Food 
production 
(1000 GJ) 
Imports (1000 tonnes) 
Dairy Beef Feed grains 
Feed protein 
(soya) 
Baseline – my 12.1 17 16 68 214 
BCM2.0 – ly, MQa 13.1 181 39 0 253 
BCM2.0 – my, MQa 13.6 181 1 156 276 
BCM2.0 – hy, MQa 12.9 181 1 107 275 
HadCM3 – ly, MQa 12.9 181 65 0 271 
HadCM3 – my, MQa 13.9 181 15 0 276 
HadCM3 – hy, MQa 13.2 181 1 23 275 
BCM2.0 – ly, NMQb 16.5 37 41 86 258 
BCM2.0 – my, NMQb 16.8 36 1 422 290 
BCM2.0 – hy, NMQb 16.5 37 1 351 289 
HadCM3 – ly, NMQb 16.2 70 49 30 257 
HadCM3 – my, NMQb 17.1 35 5 396 292 
HadCM3 – hy, NMQb 16.8 37 1 270 219 
bMQ:Milk quota 545 
cNMQ: No milk quota 546 
The import of feed grains and feed protein depended on the size of the domestic milk and meat 547 
production. Low yields are in general associated with low beef production and reduce the demand 548 
for feed grains. Land prices shrank when beef production went down and counteracted lower yields 549 
in grain production. The share of domestic feed grain on total feed grain demand improved, and  550 
in some of the simulations, Norway was self-supplied with feed grains.  551 
The relative increase in domestic milk production from the baseline to the future period (Table 6) 552 
was mirrored by a relatively smaller increase in GHG emissions (Table 8).  For instance, for the 553 
BCM2.0 climate scenario in a low yielding year under the MQ regime, domestic milk production 554 
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increased by 21% while the emissions related to milk production increased by only 10%. This 555 
pattern held throughout all simulations and reflects the fact that more intensive production (caused 556 
by higher yields) reduced the emissions intensity. Still, this effect was not strong enough to keep 557 
the absolute amount of GHG emissions below the baseline value. For the HadCM3 climate model 558 
under the MQ regime and high yielding years, a 21% increase in milk production corresponded to 559 
a 6% increase in GHG emissions.  560 
Table 8. Milk production and greenhouse gas emission intensities (kg CO2e (kg fat and protein 561 
corrected milk: FPCM) -1) from dairy simulated by JORDMOD under baseline (1961―1990) and 562 
future (2050) climate conditions projected by two Global Climate Models (BCM2.0 and HadCM3) 563 
and production conditions with milk quota (MQ) and without milk quota (NMQ). The low (ly), 564 
median (my) and high (hy) yielding years refer to grass yielding years at 10th, 50th and 90th 565 
percentiles, respectively. 566 
 
Greenhouse gas emissions 
intensity 
Total emissions CO2 emissions in 
percent of baseline 
kg CO2e (kg FPCM)-1 1000 t CO2e 
Baseline – my 0.96 1461 100 
BCM2.0 – ly, MQa 0.94 1599 110 
BCM2.0 – my, MQa 0.92 1567 107 
BCM2.0 – hy, MQa 0.92 1557 107 
HadCM3 – ly, MQa 1.01 1725 118 
HadCM3 – my, MQa 0.93 1573 108 
HadCM3 – hy, MQa 0.91 1553 106 
BCM2.0 – ly, NMQb 0.92 2323 159 
BCM2.0 – my, NMQb 0.88 2257 155 
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BCM2.0 – hy, NMQb 0.87 2213 151 
HadCM3 – ly, NMQb 0.79 1926 132 
HadCM3 – my, NMQb 0.89 2335 160 
HadCM3 – hy, NMQb 0.86 2190 150 
aMQ: Milk quota 567 
bNMQ: No milk quota 568 
4. Discussion 569 
4.1. Synthesis of simulation results 570 
The current study takes a step-forward from the previous modelling studies on the performance of 571 
northern European agriculture in a changing climate by combining crop, livestock and economic 572 
models to estimate the impacts of future climate scenarios on feed supply, dairy farm GHG 573 
emissions intensity and the economic performances in Norway.  574 
The positive impact of the projected climate change on crop yields agrees with previous simulation 575 
studies of timothy grass (Höglind et al., 2013; Jing et al., 2013; Persson and Höglind, 2014) and 576 
spring wheat yield (Persson and Kværnø (2016) under projected future climate in high latitude 577 
regions. However, these results contrast with the reduction in expected grass (Norton et al., 2016) 578 
and cereal (Bindi and Olesen, 2011; Teixeira et al., 2013) production in regions where projected 579 
climate will become warmer and drier. 580 
The lower GHG emission intensities observed in all four locations for low and median yielding 581 
years, and in three locations for high yielding years in 2046―2065 compared to the baseline were 582 
due partly to the increases in crop yields and largely to the projected higher milk yields per cow. 583 
The relatively small differences in emissions intensities between the two GCMs (HadCM3 and 584 
BCM2.0) and the low, median and high yielding years in the period 2046―2065 where the milk 585 
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yield did not change, suggest that the differences in the climate had a relatively low influence on 586 
the emissions intensity. The exception being the HadCM3 GCM in SEN where the grass yield was 587 
extremely low, and a larger grassland area was required to compensate for the decreased yield. 588 
This resulted in increased emission intensity of the N2O from soils, which was not compensated 589 
for by the reduced GHG emissions intensity caused by the projected increased milk yield.  590 
The generally higher GHG intensities in the SEN than in the CN can largely be explained by higher 591 
N2O emissions from soils, higher CO2 emissions from energy use due to higher N fertilizer 592 
application rates associated with the longer growing season and higher grass yield levels, and 593 
higher requirement for purchased concentrates due to higher milk yield in the SEN than in the CN. 594 
The variation between locations is within the variation of that reported by Bonesmo et al. (2013) 595 
who used the same methodology for calculating the GHG emissions intensities for 30 farms in 596 
Norway in the year 2008 and consistent with variations reported by Crosson et al. (2011) for other 597 
conditions and modelling approaches. 598 
Currently, MQ and milk yield per cow determine the size of dairy cow population in Norwegian 599 
dairy production, and the results presented here indicate that regardless of a quota, projected future 600 
conditions will have important consequences for the GHG emissions. In general, lower GHG 601 
emissions intensities under the NMQ than the MQ conditions were mainly due to lower emissions 602 
from energy use per kg milk in the NMQ. It should also be noted that, in an MQ system, increased 603 
milk yields per cow will lead to fewer dairy calves available for beef production and therefore 604 
more suckler cows will be needed to maintain beef production provided that the consumption and 605 
import of beef remain unchanged. Thus, the lower GHG emissions per kg milk in 2050 compared 606 
to the baseline for the MQ system would not necessarily result in lowered total emission from the 607 
total domestic cattle population (Åby et al., 2015). In line with this, Özkan Gülzari et al. 608 
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(unpublished results) reported that cows with 7020 kg milk yield year-1 produced 3.7% lower 609 
emissions intensity than the cows with 6300 kg milk yield year-1  although total emissions were 610 
higher in cows with higher milk yield due to higher feed intake than those with lower milk 611 
production.  612 
The results of the JORDMOD showed that the projected climate conditions have the potential to 613 
raise domestic production. Nevertheless, JORDMOD simulations demonstrated that increased 614 
grass and grain DM yields do not necessarily translate into higher total domestic agricultural 615 
production or higher farm profitability measured as land rents, reflecting simultaneous changes in 616 
the relative profitability of different agricultural products. As exemplified in the MQ regime, 617 
political conditions and market development are expected to continue to influence production and 618 
profitability in the future. The main reason for increased domestic milk production simulated by 619 
JORDMOD stems from the projected population increase, 1% annually, boosting the demand for 620 
dairy products, which was met by domestic production in the NMQ scenario, and by import under 621 
MQ.  622 
In the economic simulations, lower grain yields in low yielding years than median yielding years 623 
sometimes reduced market incomes so that production was not profitable in marginal regions. 624 
Hence, land with low productivity in these regions was taken out of production. Also higher grain 625 
yields, sometimes slightly reduced the total domestic production by reducing the cereal cropping 626 
area due to the transition from grain production to more profitable suckler production. Higher crop 627 
yields due to projected climate change tended to increase the value of land compared to the baseline 628 
situation as no further inputs were applied in order to achieve the higher yields. The simulations 629 
with low yielding years were frequently associated with lower land rents. However, changes in the 630 
composition of crop and animal production in these scenarios discussed above entailed that the 631 
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difference in yields between median and high yielding years did not always translate into higher 632 
land rents.  633 
With the MQ in place, the number of dairy cows reduced from the baseline to the future conditions 634 
due to increased milk yields. The profitability of beef production and the number of suckler cows 635 
were positively correlated with higher grass yields. Domestic beef production increased until beef 636 
imports outside the current import quotas were replaced by domestic production. Thereafter, 637 
domestic beef production was constrained by the size of the domestic market. When milk 638 
production was no longer constrained by a MQ, imports fell considerably. However, there was 639 
always a positive net import partly due to import quotas for dairy products and partly to a milk fat 640 
deficit in the domestic production. It was less profitable to increase the domestic milk production 641 
and export the overproduction of milk protein (in the form of cheese) to balance the higher demand 642 
for milk fat than milk protein.  643 
The import quantity of feed grains depended on the profitability of domestic production of this 644 
commodity and the domestic production of milk and meat. The necessity of imports seems to be 645 
highest under the low and high yielding simulations. The import of protein feed (i.e., soybean 646 
meal) increased compared to the baseline in all simulations and remained at a fairly high level 647 
across simulations reflecting the increased demand for protein feed that comes with higher milk 648 
yields. Domestic food production measured by energy increased in all simulations of future 649 
conditions compared to the baseline, and it was considerably higher in the NMQ than in the MQ 650 
condition.  651 
4.2. Limitations of the current study 652 
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Despite the fact that both the DM yields and the GHG emissions align with the existing literature, 653 
the uncertainty associated with predicting those warrants further discussion. For example, Höglind 654 
et al. (2013) used 14 GCMs and found that the median annual forage grass yield for a Norwegian 655 
site differed by more than 5,000 kg DM ha-1 between the highest and lowest yielding GCMs due 656 
to the projected differences in temperature and precipitation, reflecting that other climate change 657 
scenarios and crop responses could change the results of the current study. Similarly, the fixed 658 
forage cutting regime and nutrient value did not take into account any possible impact of climate 659 
change on harvesting (Persson and Höglind, 2014) and feed nutritive quality (Dumont et al., 2015). 660 
Notably altered precipitation patterns could lead to adjustments in cutting regimes and harvesting 661 
practices with further implications for farm GHG emissions and profitability. 662 
Uncertainty in farm scale systems modelling to estimate GHG emissions were discussed by 663 
Crosson et al. (2011) who reported that the quality and representability of the farm data in relation 664 
to the region they represent, and the emission factors used may have a large impact on the output 665 
from the model. Thus, if the same approach was applied to evaluate the dairy GHG emissions in 666 
the locations other than those reported here or if a different model was used to evaluate the farm 667 
emissions, results are expected to vary. It is, however, important to note that the emissions 668 
intensities may remain in the range of those reported here and internationally, while the individual 669 
emissions may differ. This is further discussed in Hutchings et al. (unpublished results) who 670 
attribute the differences in contributory emissions to the differences in the biological process and 671 
the extent to which management factors, especially quality and quantity of feed, are internalized 672 
in the model. An additional source of uncertainty relates to the future livestock production potential 673 
assumed in the analysis. The extrapolation of milk yield in HolosNor based on the observed current 674 
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trend in milk yield per cow (TINE Advisory Services, 2016) is uncertain as future breeding 675 
progress and herd management conditions are difficult to predict.  676 
Similarly, if the profitability assessment was conducted based on the input variables other than 677 
those used in the current study, different results would be expected. When scaling up the yields 678 
from farm level to regional level in JORDMOD, the relative yield increases from locations for 679 
which farm level results were available were applied to locations for which no farm level results 680 
were available from HolosNor. Given the diversity and heterogeneity of farm structure as well as 681 
natural and climatic conditions in Norway, this is a rough approximation, which could be 682 
overcome by using a tighter net of farm and weather data for baseline and future conditions across 683 
Norway. It should be also noted that every farm is unique in their structure and management, 684 
therefore different responses to variability in grass availability, and prices of feed and milk should 685 
be expected on different farms (Armstrong et al., 2010).  686 
The results should also be interpreted in light of the strengths and weaknesses of JORDMOD. 687 
Small changes in profitability of domestic production compared with the world market can provide 688 
disproportionally large changes in domestic production versus imports, which may overestimate 689 
the sector’s adjustments to a change in yield or a policy reform. At the same time, using average 690 
technology with rather limited adjustment possibilities between inputs and outputs, the model may 691 
also underestimate the sectors’ adaptation to such changes. In addition, simulating long-run future 692 
climate and production in the economic modelling is controversial as the uncertainty of parameter 693 
values increases with time. In order to ensure consistency between models, the economic model 694 
was run for 2050 involving a time frame of 39 years from the baseline, while previous simulations 695 
of JORDMOD were made in a time frame of 10―15 years (Brunstad et al., 1999, 2005a; Brunstad 696 
et al., 2005b; Bullock et al., 2016). World market prices were forecasted based on the OECD-FAO 697 
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forecast model, which has a time frame of 9 years (OECD-FAO, 2015). For other variables like 698 
the rate of technical progress, inflation and interest rate, historical trends were used.  699 
4.3. Implications of the current study and recommendations for future research 700 
Projected changes in climate in the future seems to decelerate the production of GHG emissions 701 
from dairy production in the locations assessed in this study due to higher milk yields per cow and 702 
partly to higher crop yields. The relatively high impact of increased milk yield on reduction in 703 
GHG emissions intensity suggests that management and animal breeding efforts to achieve such 704 
yield increases are vital to mitigate the GHG emissions. As increased milk yields are likely to lead 705 
to increased beef production to replace the decreased beef output from dairy cows, future efforts 706 
are also warranted to minimize GHG emissions from this alternative type of beef production.  707 
Increased temperature may result in opportunities to increase the use of crops that are currently 708 
restricted by sub-optimal growth temperatures, such as maize silage in the south-west and south-709 
east of Norway. Impacts of including maize in the diet of dairy cows on GHG emissions was 710 
investigated using HolosNor by Hutchings et al. (unpublished results) who reported that the 711 
increased nutritive value of this crop relative to grass silage reduced the requirements of the cows 712 
for DM intake, resulting in reduced silage and concentrate intake. However, to what extent it will 713 
be possible to grow maize silage successfully in this location in the future needs to be investigated 714 
in more detail.  715 
Another impact of future climate change in Norwegian dairy farming may be to utilize the 716 
projected longer growing seasons for grazing. Increasing grazing season by one month may result 717 
in reduction in overall GHG emissions, ammonia emissions and manure CH4 emissions; however 718 
larger nitrate leaching losses, slightly larger N2O emissions and enteric CH4 emissions (Del Prado 719 
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et al., 2013). On the other hand, increased DM yields of grass will lead to extra grassland area 720 
available. Management strategies to utilize this land may lead to the introduction of suckler cows 721 
or sheep or a more extensive feeding scheme to utilize the surplus forage. Therefore, further studies 722 
comparing the GHG emissions from suckler cows, or sheep to utilize the extra grassland are 723 
recommended. The effect of alternative feeding regimes such as proportion of concentrate, and 724 
milk yield on GHG emissions from dairy production could also be investigated further.  725 
The combination of the models in integrated studies could be improved by incorporating feedback 726 
mechanism among the models. For example, feeding the fertilizer application rates from 727 
JORDMOD back into the crop models would result in yield levels for economically optimal 728 
fertilizer application rates. In studies where different models are combined and the focus is not 729 
only the quantification of the GHG emissions but also to explore the  pathways by which they can 730 
be mitigated, an economic assessment is recommended to compare the financial consequences of 731 
different mitigation and adaptation strategies (Del Prado et al., 2013). In our study, the economic 732 
assessment did not aim to compare different, targeted mitigation strategies, but instead to study 733 
land use adaption and profitability changes that followed from higher DM yields. Since the input-734 
output relationships in JORDMOD are mostly fixed, adaptation occurs through change in 735 
production, e.g. from grain production to beef production based on suckler cows. A natural follow-736 
up would be to make input-output relationships in JORDMOD more flexible by either allowing 737 
the model to choose between several such relationships or by introducing flexible functional forms.  738 
5. Conclusions 739 
This study shows that climate change may benefit the agriculture in Norway through not only 740 
higher DM yields but also reduced GHG emissions intensity. Higher grass and crop yields due to 741 
climate change also increase the value of land, leading to increased profitability. The uncertainty 742 
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associated with future climate and the decision making at farm level reflect that the implications 743 
of the future climate projections will vary from farm to farm.  744 
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Supplementary material 877 
Table 1. Climate and soil data used in HolosNor 878 
Production category  Soil and climate data 
SENa  
 Soil temperature (30 cm depth, ◦C) Water filled pore space (%) 
 Wb Spb Sb Ab Wb Spb Sb Ab 
 
Baseline average yielding year 2.6 9.4 17.6 8.6 94.2 78.4 80.2 93.5 
 
Low yielding year  
BCM2.0 4.8 11.4 19.9 10.8 79.5 83.5 65.5 78.8 
HadCM3 6.3 12.6 21.3 12.3 70.0 76.7 56.0 69.3 
  
Average yielding year  
BCM2.0 5.6 11.8 20.6 11.6 81 83.3 67.5 80.8 
HadCM3 6.0 11.6 21.0 12.0 80.9 80.2 66.9 80.2 
  
High yielding year  
BCM2.0 4.5 11.4 19.5 10.5 91.0 83.1 77.0 90.3 
HadCM3 5.7 11.5 20.7 11.7 89.7 83.7 75.7 89.0 
 
SWNa 
Baseline average yielding year 4.9 8.2 16.1 10.5 71.0 69.5 52.1 72.4 
 
Low yielding year  
BCM2.0 6.9 11.5 18.1 12.5 87.1 66.2 68.2 88.5 
HadCM3 8.6 11.9 19.8 14.2 59.9 61.1 41.0 61.3 
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Average yielding year  
BCM2.0 7.3 12.0 18.5 12.9 73 65.9 53.7 74.0 
HadCM3 8.6 10.8 19.8 14.3 63.7 66.7 44.8 65.1 
  
High yielding year  
BCM2.0 7.4 11.0 18.6 13.1 85.2 67.8 66.3 86.6 
HadCM3 8.3 11.0 19.5 13.9 76.5 67.7 57.6 77.9 
 
CNa 
Baseline average yielding year 2.4 8.2 15.1 7.9 81.7 71.7 68.9 83.7 
 
Low yielding year  
BCM2.0 3.3 10.0 16.0 8.8 81.8 71.2 69.0 83.8 
HadCM3 4.5 9.2 17.1 10.0 84.4 72.4 71.6 86.4 
  
Average yielding year  
BCM2.0 4.3 10.0 17.0 9.8 84 66.1 70.7 85.5 
HadCM3 5.1 10.6 17.7 10.6 74.3 66.2 61.5 76.3 
  
High yielding year  
BCM2.0 3.9 10.1 16.6 9.4 81.7 70.6 68.9 83.7 
HadCM3 5.0 10.6 17.7 10.6 74.7 70.6 61.9 76.7 
 
NNa 
Baseline average yielding year 2.0 4.1 12.1 6.8 70.8 75.8 47.3 75.7 
 
Low yielding year  
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BCM2.0 3.3 6.3 13.3 8.0 69.4 73.8 45.9 74.3 
HadCM3 4.4 8.0 14.4 9.1 67.8 73.1 44.3 72.7 
  
Average yielding year  
BCM2.0 3.0 6.7 13.0 7.7 74.5 73.8 51.0 79.4 
HadCM3 3.8 7.8 13.9 8.6 63.1 70.9 39.6 68.0 
  
High yielding year  
BCM2.0 2.8 7.3 12.8 7.5 73.9 73.7 50.4 78.8 
HadCM3 5.1 7.1 15.1 9.8 63.6 75.1 40.1 68.5 
aSEN: South-east Norway; SWN: South-west Norway; CN: Central Norway; NN: Northern Norway  879 
bW: Winter, Sp: Spring, S: Summer, A: Autumn 880 
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